Molecular mechanisms underlying unloading-induced reduction of bone formation have not yet been fully understood. In vitro, Runx2 has been suggested to be involved in mechanical signaling in osteoblasts. However, the roles of Runx2 in vivo during the bone response to mechanical stimuli have not yet been known. The purpose of this paper was to examine the roles of Runx2 in unloading-induced bone loss in vivo. Tail suspension was conducted for 2 wk using 9-to 11-wk-old Runx2 heterozygous knockout mice (Runx2 ؉/؊ ) and wild-type (Wt) littermates. Bones were subjected to two-dimensional micro-x-ray computed tomography, bone histomorphometry and RT-PCR analyses. Loss of half Runx2 gene dosage-exacerbated unloading-induced bone loss in trabecular and cortical envelopes. Unloadinginduced reduction in mineral apposition rate and bone for-mation rate in cortical bone as well as trabecular bone was exacerbated in Runx2 ؉/؊ mice, compared with Wt mice. Bone resorption parameters were not significantly affected by unloading or Runx2 ؉/؊ genotype. Basal Runx2 and osterix mRNA levels in bone were reduced by 50% in Wt, whereas unloading in Runx2 ؉/؊ mice did not further alter Runx2 and osterix mRNA levels. In contrast, osteocalcin mRNA levels were reduced by unloading, regardless of Runx2 gene dosage. These data demonstrated that full Runx2 gene dosage is required for maintaining normal function of osteoblasts in mechanical unloading or nonphysiological condition. Finally, we propose Runx2 as a critical target gene in unloading to alter osteoblastic activity and bone formation in vivo.
M ECHANICAL STRESS IS an important signal to control bone remodeling. Remodeling maintains proper bone morphology and functions under the influence of mechanical stress. Mechanical stress causes deformation of bone, which initiates mechanotransduction pathway (1) (2) . Presence of physical force promotes bone formation, whereas lack of physical stimuli results in loss of bone as seen in the case of disuse osteopenia or osteoporosis (3) . However, the molecular mechanisms underlying mechanical stress-mediated regulation of bone cells function have not yet been fully elucidated.
Osteoblasts are bone-forming cells that are believed to be responsive to mechanical stress. Mechanical stress initiates intracellular events similar to those observed in the cases of growth factor and hormone treatment in osteoblastic cells. These events include up-regulation of the levels of cAMP, prostaglandins, and nitric oxide (4 -9) . Activation of MAPK pathways, nuclear factor-B (NF-B) pathways, and ion channels has also been reported to transduce mechanical signals in several cell types (10 -14) . However, little is known regarding the mechanisms that link these phenomena to osteoblast-specific events in nuclei that eventually lead to the regulation of osteogenesis by mechanical stress.
One of the most important regulators of osteoblastic differentiation is Runx2 (Cbfa1), a member of runt homology domain transcription factor family. Runx2 binds to osteoblast-specific cis-acting element 2, which is located in the promoter region of osteocalcin gene (15) . Expression of osteoblast phenotype-related genes such as osteocalcin, type I collagen, alkaline phosphatase, bone sialoprotein, osteopontin, and collagenase-3 is down-regulated in the absence of Runx2 gene (16) .
Runx2 Ϫ/Ϫ mice exhibit complete absence of osteoblasts and are embryonic lethal. However, heterozygous Runx2 knockout mice are viable and show abnormalities reported as cleidocranial dysplasia (17) (18) (19) . In vitro, Runx2 mediates response of preosteoblasts to signals from the extracellular matrix via the MAPK pathway (20) . However, in vivo, the roles of Runx2 in the molecular mechanisms underlying osteogenesis and mechanical stress have not yet been known.
The purpose of this study was to examine in vivo roles of Runx2 in mechanical stress-mediated bone remodeling using Runx2 heterozygous knockout mice subjected to the hind-limb unloading (tail suspension).
Materials and Methods Animals
Wild-type and Runx2 ϩ/Ϫ male mice were generated as described previously (18) . Littermate mating was carried out to generate Runx2 heterozygous mutants. Genotypes were identified based on genomic PCR using DNA prepared from tail. 9-to 12-wk-old male Runx2 ϩ/Ϫ and wild-type littermate mice (24 mice in total), 18 -23 g in body weight, were randomly assigned in equal numbers to loaded control and unloaded (tail suspension) groups. The mice were housed under controlled conditions at 24 C on a 12-h light, 12-h dark cycle and were fed with standard laboratory chow and given tap water. All animal experiments were approved by the animal welfare committee of our institute.
Tail suspension (hind limb unloading)
Tail suspension was conducted as follows. Briefly, a tape was applied to the surface of the tail to set a metal clip. The end of the clip was fixed to an overhead bar and the height of the bar was adjusted to maintain the mice at 30 degrees head-down tilt with the hind limbs to be unloaded. The mice in unloaded group were subjected to tail suspension for 2 wk (n ϭ 6 -8/group). Loaded control (normal housing) mice were also housed individually under the same condition except for tail suspension for the same time period (2 wk). The mice were injected ip with calcein at 4 mg/kg 9 and 4 d before they were killed at 2 wk. After 2 wk of tail suspension, mice were anesthetized with pentobarbital and killed by cervical dislocation.
Measurement of bone mineral density (BMD)
BMD of the whole femora was measured based on a dual-energy x-ray absorptiometry using PIXI apparatus (GE Lunar, Madison, WI). Ex vivo coefficients of variation were 0.5.
Micro-x-ray computed tomography (CT) analysis
The bones were subjected to CT analysis, using Musashi (Nittetsu-ELEX, Osaka, Japan). The data were subsequently quantified by using a Luzex-F automated image analysis system (Nireco, Tokyo, Japan). For cancellous bone, CT images were made within the midsagittal planes in the metaphyseal region of the bones. The fractional bone volume (BV/TV) was measured in the area of 1.96 mm2 (1.4 ϫ 1.4 mm 2 ) with its closest and furthest edges at 0.14 and 1.54 mm distal to the growth plate of the proximal ends of the tibiae. To quantify cortical bone, CT images of the cross-section in the middiaphyses of the femora were obtained to determine cortical bone mass. Cortical bone parameters such as cortical area and cortical thickness were analyzed.
Histomorphometric analysis of bone
For undecalcified section, femora were fixed in 70% ethanol, prestained with Villanueva osteochrome (Bone Stain), and embedded in methylmethacrylate. Cross-sections (serial 10 m thick sections) in middiaphysis and longitudinal sections (serial 3 m thick sections) were made using a microtome. The sections were used to examine cortical and cancellous bone formation rate (BFR) and mineral apposition rate (MAR) in periosteal, endosteal, and trabecular regions. For decalcified sections, tibiae were fixed in 4% paraformaldehyde in PBS, decalcified in EDTA, embedded in paraffin, and serial 5-mm-thick longitudinal sections made. The sections were stained for tartrate-resistant acid phosphatase (TRAP) activity. TRAP-positive multinucleated cells attached to bone were scored as osteoclasts. Measurements were made within an area in the proximal ends of the tibiae to obtain osteoclast number per bone surface (N.Oc/BS) and osteoclast surface per bone surface (Oc.S/BS) as defined by Parfitt et al. (21) .
Deoxypyridinoline (Dpyd) measurement
Urinary Dpyd levels on d 14 of the tail suspension were measured by ELISA [Metra Biosystems, Mountain View, CA (22) ]. Urine was collected from the mice in a metabolic cage during the last 24 h (on d 14 of tail suspension), and six independent samples from each group were analyzed. For these metabolic cage experiments, the mice were transferred to a new individual cage 24 h before termination of the experiments.
Semiquantitative RT-PCR analysis
For RT-PCR analysis, left femora were collected after bone marrow was flushed out. These bones were used to extract total RNA according to the acid guanidine isothiocyanate-phenol/chloroform method. RT-PCR analysis was performed using primers specific to Runx2, osterix, osteocalcin (OC), osteopontin (OPN), alkaline phosphatase (ALP), dentin matrix protein (DMP), receptor activator of NF-B (RANK), RANK ligand (RANKL), and osteoprotegerin (OPG) genes. Reverse transcription (RT) was carried out using 1 g total RNA, 0.2 g oligo(dT) primer, deoxynucleotide triphosphate mix (10 mm), and Muloney murine leukemia virus-RT (100 U) in a volume of 20 l. RNA and primer were incubated together at 65 C for 10 min and then cooled rapidly on ice before addition of other reagents. RT mixture was incubated at 37 C for 1 h. One microliter of complementary DNA was amplified by PCR in a 25-l reaction volume containing 2.5 mm deoxynucleotide triphosphate mix, 10 m specific primers, and rTaq DNA polymerase (1 U). After an initial denaturation at 94 C for 2 min in a GeneAmp PCR system 9700 (PE Applied Biosystems, Foster City, CA), amplifications were performed at 94 C for 40 sec, 60 C for 1 min, and 72 C for 1 min. Subsequently the amplification cycle was repeated 26 -32 times. The cycle number was determined so that the PCR product levels were within a linear range. Ethidium bromide-stained DNA bands were quantitated using an image analyzer Bio-1D system (Vilber Lourmat, France). As a control, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA levels were also estimated by RT-PCR at 25 cycles. The ratios of the levels of mRNA expression of genes of interest relative to GAPDH expression levels were calculated.
Oligomer sets used for Runx2/Cbfa1, osterix, OC, ALP, OPN, DMP, RANK, RANKL, OPG, and GAPDH are shown in Table 1 .
Statistical evaluations
The data were presented as mean values Ϯ sd. Statistical analysis was conducted according to ANOVA test. P Ͻ 0.05 was considered to be statistically significant. GGG TTA AGG GGA GCA AAG TCA GAT  OC  CTC TGT CTC TCT GAC CTC ACA G  CAG GTC CTA AAT AGT GAT ACC G  ALP  ATT GCC CTG AAA CTC CAA AAC C  CCT CTG GTG GCA TCT CGT TAT C  OPN  CGA CGA TGA TGA CGA TGA TGA T  CTG GCT TTG GAA CTT GCT TGA C  DMP  GCC AGA TAC CAC AAT ACTG  GGA GTC GCC TGC GTCA  RANK  TCA TCT CTG TGG TAG TAG TGG CTG  TTA GGA GCA GTG AAC CAG TCG AAG  RANKL  CAG CCA TTT GCA CAC CTC ACC ATC  TTT CGT GCT CCC TCC TTT CAT CAG  OPG  GCA CAT TTG GCC TCC TGC TAA TTC  ACT CTC GGC ATT CAC TTT GGT CCC  GAPDH ACC ACA GTC CAT GCC ATC AC TCC ACC ACC CTG TTG CTG TA
Results

Runx2 ϩ/Ϫ mice maintain bone mass in loaded condition but not unloaded condition in vivo
To examine the roles of Runx2 gene in bone mass determination under mechanical stress, 9-to 12-wk-old Runx2 ϩ/Ϫ (Het) and wild-type (Wt) littermate mice were subjected to hind limb unloading. Unloading reduced trabecular bone mass in the tibia of Wt mice as reported previously. The basal levels of trabecular bone mass in Wt and Runx2 ϩ/Ϫ mice were not significantly different, although Runx2 ϩ/Ϫ mice tended to exhibit less values than those of Wt (Fig. 1, A and  B ). However, loss of half Runx2 gene dosage (Runx2 ϩ/Ϫ ) further accelerated the degree of unloading-induced trabecular bone loss (Fig. 1, B and D) . Quantification of the fractional BV/TV indicated about 22% reduction in BV/TV in Wt mice by unloading ( Fig. 1D , Wt), whereas in Runx2 ϩ/Ϫ mice, unloading induced about 37% reduction in BV/TV (Fig. 1D , Het). Thus, unloading-induced bone loss rate was increased by about 60% in Runx2 ϩ/Ϫ mice, compared with Wt (from 22 to 37%). Corresponding to BV/TV, unloading also decreased BMD in Wt by 13% ( Fig. 1 , C and E), and this was also exacerbated by about 30% in Runx2 ϩ/Ϫ mice ( Fig. 1E , 17% reduction ratio in Het).
This was not limited to cancellous bone because unloading reduced cortical bone thickness in Wt mice, and loss of half Runx2 gene dosage also exacerbated such cortical bone loss ( Fig. 2 , A-C). The degree of unloading-induced reduction in cortical bone thickness [percent reduction ϭ (loaded-unloaded)/loaded ϫ 100] at the midshaft was about 40% greater in Runx2 ϩ/Ϫ mice, compared with that in Wt mice ( Fig. 2C, 17 vs. 12%, respectively). Unloading-induced decrease in cortical area (cortical area shown in red in Fig. 1D , right panel) was significantly more in unloaded Runx2 ϩ/Ϫ mice, compared with unloaded Wt mice (Fig. 2, D and E) . Bone area and periosteal circumference were not significantly altered by unloading in both Runx2 ϩ/Ϫ and Wt (Fig.  2, F and G) . Runx2 ϩ/Ϫ mice also revealed more loss of cortical thickness at the distal one fourth of the total length of bone (data not shown). These data point to the role of Runx2 in vivo in the maintenance of bone mass under unloaded condition.
Runx2 ϩ/Ϫ mice maintain bone formation in loaded condition but not unloaded condition
Because Runx2 ϩ/Ϫ mice could maintain near-normal bone mass under loaded condition but not unloaded condition, we addressed whether this observation would be due to the Runx2 function in osteoblasts in vivo. In loaded mice, basal levels of endosteal and periosteal BFR and MAR in midshaft of the femora were not significantly different, regardless of the genotypes (Fig. 3, B-E) . In Wt mice, unloading decreased endosteal and periosteal MAR and BFR levels by 40 -80%. Surprisingly, endosteal and periosteal MAR and BFR levels were totally reduced to nearly undetectable levels by unloading in Runx2 ϩ/Ϫ mice (Fig. 3, B-E) . In all of these bone formation parameters, unloading-induced reduction in Runx2 ϩ/Ϫ was more than those in Wt.
In contrast to cortical bone envelope, examination in cancellous bone envelope in the metaphyses of femora of loaded Runx2 ϩ/Ϫ mice exhibited lower basal levels of MAR and BFR, compared with those of loaded Wt (Fig. 4, A-D) . Unloading reduced MAR and BFR levels by about 30% in Wt (Fig. 4, E and F) . Similar to the observations in cortical bone envelope, Runx2 ϩ/Ϫ mice exhibited exacerbation in unloading-induced decrease in that the reduction rate in MAR was about 50% more, compared with Wt ( Fig. 4E , reduction rate, 30% in Wt vs. 45% in Runx2 ϩ/Ϫ ), and in BFR about 130% more, compared with Wt ( Fig. 4F , reduction ratio, 30% in Wt vs. 70% in Runx2 ϩ/Ϫ ).
Bone resorption parameters were not significantly different between Runx2 ϩ/Ϫ and Wt mice
Bone loss could be caused by reduction in bone formation, enhancement in bone resorption, or both. To examine the effects of Runx2 ϩ/Ϫ mutation on bone resorption parameters in unloading-induced bone loss, the levels of TRAP-positive cell (osteoclasts) number in vivo were examined based on histomorphometry ( Fig. 5A ). Unloading tended to marginally (not statistically significant) increase the levels of Oc.N./BS or Oc.S./BS in Wt mice, and this trend was similar in Runx2 ϩ/Ϫ mice (Fig. 5, B and C). To address systemic parameters of bone resorption, we also evaluated a biochemical marker of bone resorption in urine (22) . Dpyd excretion into urine (measured only on the last day of unloading, d14) was not significantly altered by unloading (although it was marginally increased without statistical significance), compared with the loaded group in both Wt and Runx2 ϩ/Ϫ mice (Fig. 5D ). Fig. 3A (Ht-UL) . Asterisks indicate statistically significant difference (*, P Ͻ 0.05; **, P Ͻ 0.01).
We next examined some of the osteoclast-related gene expression by using RNA from the cortical bone envelope. There was no major change in RANKL expression after tail suspension in Wt. However, slight up-regulation of RANKL was observed in unloaded Runx2 ϩ/Ϫ (Fig. 6G ).
Runx2 ϩ/Ϫ mice expressed only half-levels of OPG mRNA, compared with Wt, and this level was not altered by unloading (Fig. 6I) . Interestingly, unloading up-regulated RANK gene expression in Wt but not Runx2 ϩ/Ϫ mice (Fig.  6H) . 
Mechanisms underlying the unloading-induced bone loss in Runx2 ϩ/Ϫ mice located downstream to Runx2 and osterix gene expression
To address the molecular profile underlying the effect of Runx2 ϩ/Ϫ mutation on unloading-induced impairment in osteoblastic function, mRNA expression levels of Runx2 gene as well as those of downstream osteoblast-related genes were examined. Basal Runx2 mRNA levels in loaded Runx2 ϩ/Ϫ mice were half of loaded Wt mice, as expected. Unloading reduced the Runx2 mRNA levels in Wt mice by about 60% (Fig. 6A) . In contrast to Wt, unloading did not further decrease the levels of Runx2 mRNA in Runx2 ϩ/Ϫ mice (Fig. 6A) . These observations suggest the presence of unidentified mechanisms downstream to Runx2, which could be involved in unloading-induced exacerbation of reduction of MAR and BFR in these mice.
In loaded Runx2 ϩ/Ϫ mice, osterix mRNA levels were reduced by 50% of the loaded Wt. This was compatible with the previous notion that osterix is downstream to Runx2 (23). Unloading reduced osterix mRNA level by about 60% in Wt mice (Fig. 6B) . In contrast, unloading did not alter osterix mRNA levels in Runx2 ϩ/Ϫ mice (Fig. 6B) . It is interesting that half-expression levels of Runx2 and osterix in loaded Runx2 ϩ/Ϫ mice did not result in major reduction in bone mass and MAR/BFR, compared with loaded Wt mice (although there was an insignificant trend). Thus, loading could compensate the loss of half-Runx2 gene dosage at least to a certain extent at the level of bone mass.
Notably, similar to bone mass, cortical MAR and BFR, the basal mRNA levels of osteocalcin, which is downstream to Runx2, were not significantly different between loaded Runx2 ϩ/Ϫ mice and Wt mice. However, in contrast to bone mass, MAR, and BFR, unloading reduced OC mRNA levels similarly in Wt and Runx2 ϩ/Ϫ mice (Fig. 6C ). No significant change in ALP mRNA expression was observed in either the loaded or unloaded group (Fig. 6D ). We next observed the expression pattern of DMP, another candidate gene whose expression has been shown to be regulated by Runx2 (24) . Runx2 ϩ/Ϫ mice expressed similar levels of DMP mRNA, compared with Wt. Unloading significantly reduced the expression levels of DMP mRNA only in Runx2 ϩ/Ϫ but not Wt (Fig. 6F) . Surprisingly, Runx2 ϩ/Ϫ mice expressed significantly higher levels of OPN mRNA, compared with Wt, although this level was not significantly altered by unloading. Taken together, these data suggest that the mechanism underlying unloading-induced bone loss in Runx2 ϩ/Ϫ mice could be located downstream to Runx2 and osterix gene expression.
Discussion
In this paper, we presented the first in vivo evidence that full Runx2 gene dosage is required to limit severe loss in bone mass in the absence of mechanical stimuli. Unloading by tail suspension results in substantial loss of both cortical and trabecular bones. Runx2 ϩ/Ϫ mutation exacerbated the unloading-induced bone loss. In vivo cell activity analysis in- dicated that Runx2 ϩ/Ϫ mutation targets unloading-induced impairment in bone formation parameters in vivo such as MAR and BFR. MAR in unloaded Runx2 ϩ/Ϫ mice demonstrated that function of individual osteoblast was significantly abolished due to Runx2 ϩ/Ϫ mutation. It has been reported that loss of half-Runx2 gene does not affect bone homeostasis in normal physiological condition (18 -19) . However, in this study, we demonstrated that full dosage of Runx2 is necessary for maintaining normal function of osteoblasts in the light of mechanical unloading.
Because loaded Runx2 ϩ/Ϫ mice exhibited similar levels of BV/TV, compared with loaded Wt mice, even half-dosage of Runx2 could maintain trabecular bone volume in Runx2 ϩ/Ϫ mice to the level comparable to those of Wt. However, half gene dosage of Runx2 is not enough for the maintenance of bone mass in unloaded condition, suggesting that loading maintains bone mass at least in part through the presence of Runx2.
Bone responses to mechanical stimuli require some forms of cellular mechanotransduction. Osteocytes and bone-lining cells make up more than 95% of all cells of the osteoblastic lineage that attached to bone (25) . These cells are believed to act as sensors, which are responsive to mechanical stimuli in vivo (26 -28) . Apparently, Runx2 ϩ/Ϫ cortex contains comparable number of osteocytes and canaliculi with that of Wt (data not shown). These observations indicated that Runx2 ϩ/Ϫ mice exhibit close-to-normal bone structure. Thus, the significant loss of cortical thickness induced by mechanical unloading in Runx2 ϩ/Ϫ mice was likely due to cell function rather than structural context. Expression of Runx2 and osterix mRNA was downregulated by mechanical unloading in Wt mice, showing for the first time that Runx2 and osterix are responsive to unloading in vivo. In loaded Runx2 ϩ/Ϫ mice, the Runx2 and osterix mRNA levels were about half of those in Wt, whereas such reduction appeared to be compensated during the growth in the long term to give similar levels of bone mass. Surprisingly, Runx2 and osterix levels were no longer altered by unloading in Runx2 ϩ/Ϫ mice. These data suggest the presence of mechanisms downstream to Runx2 to be involved in unloading-induced further suppression of bone formation in these mice. Because the expression of OC was consistently down-regulated in both unloaded Wt and Runx2 ϩ/Ϫ mice, such a pathway could be independent or even upstream to OC expression. Whether mechanical unloading alters posttranslational modification of Runx2 is still to be elucidated.
OPN is required for unloading-induced bone loss through as-yet-unidentified mechanisms on the side of both reduction in bone formation and increase in bone resorption. The higher OPN expression levels in the bone of loaded RUNX 2 ϩ/Ϫ mice suggest that RUNX 2 may negatively regulate OPN expression. This might happen if RUNX 2 negatively regulates OPN promoter through its binding site, but at this point we do not have any functional evidence for this notion. We do not know whether there is a direct link between the observations described in this paper and the function of OPN. Whether enhanced OPN levels in Runx2 ϩ/Ϫ mice are related to the exacerbation of unloading-induced bone loss in these mice is to be elucidated further.
Bone formation was inhibited completely by unloading in the cortical bone envelope but not so much in the cancellous bone when overall bone area and density of the bones in loaded mice are not statistically different in the Wt and RUNX 2 ϩ/Ϫ mice. We do not know whether there are differences in expression levels of Runx2 in cancellous vs. cortical osteoblasts. Another possibility is that this may be due to some compensation after long-term growth (9 -12 wks) or to detection sensitivity. Although not statistically significant, unloading tended to reduce cortical bone area, cancellous bone BV/TV, and BMD. Thus, the observation that heterozygous Runx2 knockout mice exhibit further reduction in bone formation in both cortical and cancellous bone is similar in both cortical and cancellous envelopes. Because tail suspension experiments were conducted for 2 wk, the resulting difference in the degree of loss of cortical bone mass may not seem to be more than that of cancellous bone mass within this time period.
In conclusion, our data demonstrated that loss of half-Runx2 gene dosage exacerbates unloading-induced bone loss, at least in part, through the further reduction in osteoblast functions. Therefore, we propose that Runx2 is a crucial player in mechanical stress-mediated regulation in bone metabolism in vivo.
